Many studies show that dietary consumption of fish is the greatest contributor to dioxin exposure of humans in Japan. To establish a link between ocean contamination and human exposure to dioxins in fish, we proposed a method of estimating exposure by integrating region-specific measured concentrations of dioxins in fish samples and information on the production and import-export volumes of fish. The advantage over ''total diet studies'' (TDS) was that the proposed method could analyze the impact of the geographical variability of ocean contamination on human exposure to dioxins in fish; this may help us to apply more effective measures against dioxin exposure. Probabilistic distributions (probability density functions (PDFs)) were assigned to express the variability in the results of monitoring dioxin concentrations in fish from coastal areas divided according to prefecture, and from offshore and distant waters and imported sources. The Monte Carlo technique was applied for probabilistic estimation of dietary exposure of the general Japanese population to dioxins in fish. The mean and 5th to 95th percentile range of dietary exposure were estimated, respectively, as 67.12 and 22.65-184.35 pg toxic equivalent per day. Sensitivity analysis showed that some specific coastal areas with higher dioxin levels in fish and some with larger production volumes of fish impacted more than others to total exposure and may thus attract priority in the implementation of dioxin abatement measures.
Introduction
Intake via food consumption is the main route of human exposure to dioxins (Suzuki et al., 2000; Government of Japan, 2004) . The current main source of dioxins in Japan is waste incineration (Government of Japan, 2004), although major contributions from impurities in herbicides used in the past have been demonstrated in aquatic sediments (Masunaga et al., 2001; Sakurai, 2003) . The Japanese Government and local municipalities have conducted many investigations to assess both human exposure to dioxins (Takayama et al., 1991 ; Environment Agency of Japan, 1997; Tokyo Metropolitan Government, 1998; MHLW, 1999 MHLW, -2003 Tsutsumi et al., 2001; Tajimi et al., 2004) and dioxin levels in the environment and aquatic biota (MOE, 2000; MAFF, 2002 ). Japan's Ministry of Health, Labor, and Welfare (MHLW) continuously performs ''total diet studies'' (TDS) to monitor the Japanese daily dietary intake of dioxins (MHLW, 1999 (MHLW, -2003 . A national probabilistic distribution of exposure of the general Japanese population to dioxins has been derived from these TDS data and from relevant data on other exposure routes (Suzuki et al., 2000) .
Although the TDS survey data from MHLW cover most districts of Japan, the sample numbers are still limited (e.g., only 10, 16, 16, 12 , and 36 samples from seafood groups were measured in Japan from fiscal year (FY) 1998 to FY 2002 , respectively (MHLW, 1999 ). Moreover, because no geographical information on production areas is reported, these TDS data cannot disclose the influence of geographical variability of environmental dioxin levels on human exposure to dioxins; therefore, it is difficult to predict the effectiveness of regional dioxin control countermeasures. Suzuki et al.'s estimation (2000) of the national probabilistic distribution of human exposure to dioxins was based on MHLW's TDS survey data and therefore did not solve these problems either.
Fish are the greatest contributors (around 75%) to total dietary intake of dioxins (Suzuki et al., 2000; Government of Japan, 2004) in Japan. Therefore, we focused on dioxins intake from fish and proposed here a method for estimating the daily intake of dioxins via fish consumption, using mainly region-specific monitoring data on dioxin levels in fish and corresponding region-specific statistical data on fish production and fish imports. By taking into account region-specific information and the material flows of fish from production area to consumption area in our exposure assessment, it was possible to develop a method of exposure estimation considering source-receptor relationship between regional contamination levels and human exposure levels. This relationship will help develop a more systematic methodology for estimating the geographic variability of human exposure to dioxins by effectively using geo-referenced modeling (Suzuki et al., 2004) /monitoring data on dioxin levels in the environment and aquatic biota.
Because comprehensive data on the movement of fish through the distribution network from production area to consumption area are not available, throughout all of our estimations and discussions, we treat Japan as a single national consumption market and discuss the influence of dioxin levels in fish from each catch area (production area) on human exposure at the national level. By using a Monte Carlo technique based on assumptions of the statistical distribution of dioxin concentrations in fish by catch area, we made a probabilistic estimation of exposure of the general Japanese population to dioxins via dietary fish intake. We examined the impact of each input assumption on the national exposure distribution and estimated the contribution of fish from each catch area to the total dioxin exposure. Table 1 defines the words used in this study. Table 2 shows the materials used in our estimations. Fish for human consumption was categorized by catch area, but not by biological species, because of the limited number of available species-specific measured data. FY 2002 was the year estimated since the data on the production and importexport volumes of fish are of FY 2002; although the data on the investigations of dioxin levels in fish were not from FY 2002, in light of the fact that dioxin levels in the aquatic environment do not decrease rapidly (Yoshida et al., 2000) , we believe that this discrepancy would not change the results very much. The toxic equivalents (TEQs) of 17 congeners of polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans and the TEQs of 12 congeners of coplanar polychlorinated biphenyls (Co-PCBs), as calculated by WHO-TEF (Government of Japan, 2004) , were used throughout the analysis. Figure 1 schematically illustrates the proposed method of estimating human exposure to dioxins in fish. The estimation process included five steps that are elaborated below.
Materials and methods
Step 1: Derivation of Levels and Distribution of Dioxin
Concentrations in Fish
We divided fish catch area into coastal area, offshore, distant water, and imported sources. In addition, we subdivided coastal catch area in accordance with the boundaries of the adjoining prefectures because MOE's survey (2000) showed geographic variability in dioxin levels in the ocean waters and sediments of coastal catch areas. The coastal areas of the ocean are those easily contaminated by dioxins from anthropogenic sources. On the other hand, at this stage we treated Japan as a single national consumption market; in other words, our estimation was based on the assumption that the proportion of fish from each production area was the same in all consumption markets of Japan. MOE (2000) to estimate the levels and distribution of dioxins in coastal fish. In this FY 1999 survey, 2234 samples of fish (including fish from both marine fisheries and aquacultures) were collected from the shores of 39 coastal prefectures. In light of the number of samples and sampling sites, the coastal catch areas of Japan were subdivided in accordance with the boundaries of the adjoining prefectures. The number of fish samples from each prefecture ranged from 8 to 131. Statistical values of dioxin concentrations in fish samples were calculated according to prefecture.
Fish from Coastal Catch Areas
Histograms were drawn and probabilistic distributions (probability density functions; PDFs) were assigned so as to express the variability of dioxin concentrations in fish within the same subdivided coastal catch area. Lognormal distribution is usually used to express pollutant concentration; therefore, we adopted it in our estimation as an alternative. Geometric mean and geometric SD were used to assign the lognormal distributions. The maximum and minimum values of the measured dioxin concentrations in the coastal fish samples over a national range were used to define the available range of distributions.
In addition, by using the Bestfit software package (Palisade, Newfield, NY, USA), we determined the best-fitting distribution by fitting a number of parametric distributions (normal, extreme value, exponential, lognormal, gamma, Weibull, beta, Pareto, and triangular) to the measured data on dioxin levels in fish in the prefecturally divided coastal catch areas. To assess the fit of a specific distribution, we used not only plots of cumulative distribution functions but also MHLW (2003) Note:
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Step 5 goodness-of-fit testing. We adopted the Anderson-Darling (AD) goodness-of-fit test in combination with w 2 -test and Kolmogorov-Smirnov test. The calculated goodness-of-fit statistics measure how good the fit is, and it is used in a relative sense by comparing goodness-of-fit statistics of a specific distribution to that of other distributions. In addition, critical values are calculated and used to determine whether a fitted distribution should be accepted or rejected at a confidence level of 0.05 (Cullen and Frey, 1999) . Obtaining a calculated AD value above the 95th percentile of the test statistic distribution leads to rejection of the null hypothesis; in other words, the distribution is not a good fit (Van Sprang et al., 2004) .
As an example, the accumulative distribution plots of the best-fit distributions of fish samples from the coastal region of Prefecture F are shown in Figure 2 , and the values of the AD statistics and critical value at 0.05 level are shown in Table 3 . In the case of Prefecture F, lognormal distribution was determined to be the best-fitting distribution for the measured concentration of fish samples both from the graphical assessment ( Figure 2 ) and from the rank of the values of the AD goodness-of-fit statistic. Moreover, because the value of the AD statistic of the lognormal distribution is smaller than the critical value at the 0.05 level, the null hypothesis cannot be rejected; that is, the fitted lognormal distribution is judged to be a good fit.
Fish from Offshore Catch Areas, Distant Waters, and Imported Sources We used the data of MAFF's ''Investigation of Dioxins in Seafood' ' (FY 1999 ' (FY -2001 (2002) to figure out the levels and distribution of dioxin concentrations in offshore fish, distant water fish, and imported fish. In this FY 1999-2001 survey, around 100 species in 400 samples of fish caught in coastal areas, offshore areas or distant waters, or imported from foreign countries were investigated. Although dioxin concentrations in coastal fish were also investigated in the MAFF survey, the number of samples was small and not enough to examine coastal fish data by prefecture. Histograms were drawn, a lognormal distribution was assigned, and distributions of best fit were determined. Step 2: Estimation of Domestic Dietary Consumption of Fish by Catch Area Domestic dietary consumption of fish was estimated from domestic production and importation by considering the ratio for dietary purpose and the ratio for domestic consumption (Table 5 ). These were calculated using the following equations:
where P is domestic production of fish; Pd is the domestic production of fish for dietary purpose; a is the ratio of fish for dietary purpose among the total production; m is an index of the category of fish, m ¼ (A1, A2, B, and C), where A1, A2, B, and C are the four categories of coastal, marine aquaculture, offshore, and distant water fish, respectively (A ¼ A1 þ A2); Id is the amount of fish imported for dietary purpose; Ud is domestic consumption of fish for dietary purpose; b is the ratio of domestic consumption in total NA represents no data is used in this paper. Dietary exposure to dioxins in fish in Japan Cao et al.
amount of domestic production and importation of fish for dietary purpose; D represents imported fish; nation refers to the total number of fish categories in Japan; and j is the index of the prefecture producing the fish. Note that Ud j A refers to the national domestic dietary consumption of coastal fish (coast fisheries and marine aquaculture fish) caught in prefecture j, not to the amount of coastal fish consumed in prefecture j.
Equation (1) calculated the domestic production of fish for dietary purpose by fish category. Equation (2) estimated the ratio of domestic consumption in total amount of domestic production and importation of fish for dietary purpose without reference to catch area, owing to limitations on data availability. Domestic dietary consumption of fish produced domestically in each fish category and of imported fish were calculated by Eqs. (3) and (4), respectively. Furthermore, domestic dietary consumption of coastal fish caught from prefecture j was calculated in proportion to the production of coastal fish from that prefecture by Eq. (5), because the ratio of fish produced for dietary purpose and the ratio of domestic consumption were assumed to be the same for coastal fish from different prefectures.
In our estimation, we used data of the statistics on national production by marine fisheries (distant waters, offshore, and coastal) and on prefectural marine aquaculture production, as reported by MAFF (2004b) . MAFF defines distant water trawls, offshore fisheries, and coastal fisheries in terms of the fishery type and the fishing vessel scale. This definition essentially conforms to the one used in MAFF 's FY 1999 's FY -2001 's FY survey (2002 . Production of fish from coastal oceans on a prefectural basis was not addressed in the published survey but was provided by MAFF on our request (MAFF, 2004c) . The ratio of fish for dietary purpose among the total production (a m ) was estimated by considering each fish species and its intended use according to the corresponding statistics in the ''Annual Statistical Report of Seafood Circulation'' (MAFF, 2004a).
Step 3: Determination of Daily Intake of Fish Although the risk associated with dioxins lies in long-term exposure, the daily intake of fish in the National Nutrition Survey (MHLW, 2003) is the only available and reliable data source for the Japanese population as a whole. In Japan, until 1963, the National Nutrition Survey was performed four times a year and multiday diet records were collected to evaluate seasonal and daily dietary variations. Now only a 1-day-diet record is collected, once a year each November, to reduce the subjects' burden. Nevertheless, the study by Yoshida et al. (2000) shows that daily dietary consumption of fish does not change much from year to year. Although the 1-day-survey data cannot reflect seasonal variations, we assumed that daily variations could be neglected because we estimated dioxin exposure on a population level. Because only the mean and SD of daily fish consumption data in the National Nutrition Survey (MHLW, 2003) have been released in recent years, we could not assign an appropriate distribution to daily fish intake; instead, we used the mean in our estimations. Individual dietary intake of fish from each categoryFcoastal (including marine aquaculture), offshore, distant water, and importedFwas assumed to be in proportion to the national domestic dietary consumption of fish in that category.
where intake m is the individual daily consumption of fish category m, m ¼ (A, B, C, and D); Intake nation is the individual's total daily consumption of fish from all categories; Ud m is the national domestic dietary consumption of fish of category m; and Ud nation is the total national domestic dietary consumption of fish from all categories.
Step 4: Probabilistic Estimation of Dietary Exposure of General Japanese Population to Dioxins in Fish Human exposure to dioxins via dietary consumption of fish was estimated by multiplying the dioxin concentration in fish from each catch area by the daily individual intake of fish from that catch area, and the products were then summed. The exposure estimation model was written as the following equation:
where j is the index of the prefecture producing the fish; A, B, C, and D are the four categories of fishFcoastal (including marine aquaculture), offshore, distant water, and imported, respectively; Conc is the dioxin concentration in fish; Intake is the individual daily dietary consumption of fish; and g j A is the ratio of coastal fish caught in prefecture j in the market.
where Ud j A is the national domestic dietary consumption of coastal fish from prefecture j and Ud A is the national domestic dietary consumption of all coastal fish.
Three cases are discussed here. In cases 1, 2, and 3, variability of dioxin concentrations in fish within the same catch area (fish from coastal and marine agriculture at the prefectural level; fish from offshore, distant waters, and imported sources at the national level) was expressed by histograms, lognormal distribution, or best-fitting distribution, respectively (as described in the previous section). Monte Carlo simulation was applied for probabilistic estimation of human exposure to dioxins from dietary consumption of fish. The simulation was allowed to run for 10,000 iterations to estimate a stable exposure distribution. We have run this simulation for 2,000, 5,000, 10,000, 15,000, and 20,000 iterations and have found that most statistical values (such as the 95th percentile value) of the estimated distribution approach stability at 10,000 iterations or above. Many studies run their simulations for 10,000 iterations to obtain a stable estimated distribution (Yoshida et al., 2000; Lunchick, 2001 ).
Step 5: Contribution of Fish in Each Ocean Catch Area
We calculated the contribution of fish from each ocean catch area to the total dietary exposure to dioxins in fish. The product of the mean dioxin concentration of fish by catch area and the corresponding domestic dietary consumption of fish from that catch area was expressed as a ratio of the dioxins in the total national yearly dietary consumption of fish. Figure 3 shows the estimated dietary exposure of the general Japanese population to dioxins in fish. In the estimations, which were based on prefecturally subdivided coastal catch area and offshore, distant water, and imported sources, the statistical values and cumulative distribution (solid line in Figure 3 ) both showed that the estimation results did not differ greatly among the three cases, indicating that our proposed exposure estimation model was robust in terms of selection of PDFs (scenario analysis). In Case 1, where the variability of dioxin levels in fish was expressed by a histogram, the mean and 5th to 95th percentile range of dietary exposure of the general Japanese population to PCDDs/Fs þ CoPCBs in fish were estimated, respectively, as 67.12 and 22.65-184.35 pg TEQ/day. Note that the variability of daily dietary fish consumption was not considered in our estimation owing to the scarcity of data for the determination of distributions. The distribution of exposure to dioxins via dietary consumption of fish should therefore be wider than in the present estimation.
Results and discussion

Dietary Exposure to Dioxins in Fish
In reality, there is individual variability in not only the daily intake of fish but also the species of fish ingested. Different fish may have very different levels of dioxins not just because of differences in geographic location but also because of differences in the habits of the fish (MOE, 2000; MAFF, 2002) . In our estimation, the geographic variability of dioxin levels in fish resulted not only from differences in levels of environmental contamination with dioxins but also from differences in the species of fish among catch areas. Although a scarcity of data prevented us from considering dioxin levels in fish by species, the breadth of the statistical distribution of dioxin levels in fish by catch area mainly reflects the differences in dioxin levels among the species of fish in each catch area. After we have obtained enough information to create a distribution of fish intake and a distribution of speciesspecific dioxin levels in fish, we will recalculate exposure distribution in a future study. Specific scenarios will need to be discussed in regard to those people who prefer species of fish that are found to have high dioxin levels. For comparison, we also analyzed 66 survey data values from FY 1998 to FY 2002 TDS on daily intake of dioxins in dietary fish (MHLW, 1999 (MHLW, -2003 (Figure 3 ). In the TDS investigation by MHLW, 100-200 food samples are usually collected and then cooked if necessary. Food samples classified into the same food group (e.g., various species of fish in the fish group) are combined to produce homogenized mixtures according to the proportions determined by the National Nutrition Survey and then analyzed for dioxins. Dietary intake of dioxins from each food group was calculated by multiplying the analyzed result for the dioxin concentration of that food group by the daily intake of that food group. Although dietary dioxin intakes from all 14 food groups are determined by the above method in the TDS survey, only the TDS data for the fish group were used in our study for comparison with our estimation result. We estimated the exposure distribution of dioxins from dietary consumption of fish for the Japanese population as a whole and examined the influence of geographic variability of dioxin concentrations in fish from different catch areas on the total exposure distribution. TDS are based on average daily fish consumption in each consumption area; therefore, the width of the distribution of the TDS results is derived mainly from the inter-area variability of dioxin concentrations in fish being sold at markets. Although the distributions may differ between our estimation and TDS, the mean of our estimation can be considered to not differ greatly from that of TDS. As the TDS survey data from MHLW cover most districts of Japan, the mean of dioxin exposure from dietary fish consumption in TDS could therefore be considered to represent the average exposure level for the general Japanese population, as in our estimation. Figure 3 suggests the general agreement of the estimated exposure in all three cases to the TDS result (scatter points) for PCDDs/Fs þ CoPCBs, although each uses a different method and different data.
Sensitivity Analysis
Because the estimation results did not differ much between the three cases, sensitivity analysis was conducted only on Case 1. Sensitivity analysis was performed with Crystal Ballt (Decisioneering Inc., Denver, Colorado, USA) by calculating Spearman's Rank Order Correlation Coefficient (SROCC) between the estimated distribution of human exposure to dioxins in fish and the input distribution assumptions of dioxin levels in fish by catch areas. The correlation coefficient is determined by both the model sensitivity (algebraic relationship between estimation and assumption) and the uncertainty of input assumptions (expressed by PDFs). The bigger the correlation coefficient, the greater the impact of the input distribution assumption (dioxin levels in fish by catch areas) on the estimated distribution of human exposure to dioxins in fish. Figure 4 shows the PCDD/Fs þ CoPCB result of sensitivity analysis expressed by SROCC. The sensitivity values in descending order were dioxin levels in imported fish, offshore fish, coastal fish, and distant water fish. Among coastal fish, the rank order of the top five producing prefectures with high coefficients of correlation to the estimation of exposure to dioxins was prefectures H2, E, H1, C, and M1.
Contributions of Fish in Ocean Catch Areas
Percentages of dioxin intake from dietary consumed fish in catch areas were calculated and are shown in Figure 5 . The contributions to human exposure to PCDD/Fs þ CoPCBs, in descending order, were imported fish, coastal fish, offshore fish, and distant water fish. Among coastal fisheries, Prefecture H1 played an important role owing to its large fish catches. The next largest contributor was Prefecture H2, followed by H3, E, M1, C, O1, K1, A2, and M2. These prefectures had higher contribution rates, either because they contributed more to the coastal fish catch or because their fish had higher dioxin levels, or both. We need to place a priority on measures to control the emission of dioxins to these coastal areas.
We treated Japan as a single national consumption market and did not consider the inter-area variability of dioxin concentrations in fish being sold at markets. However, we investigated many documents and analyzed the corresponding statistical data to clarify the distribution networks of fish. We found that fish are distributed from the production site to the consumption site mainly through central wholesale markets (FMRIC, 1999 (FMRIC, , 2000 and that the fish from the central wholesale markets are shipped mainly to the local regions in which the markets are located (FMRIC, 1999 (FMRIC, , 2000 . To some degree, the statistical data on the central wholesale markets quantitatively reflect seafood circulation in Japan. Figure 6 shows that the percentages of fresh fish from each prefecture that are sold at the Tokyo and Osaka central wholesale markets are similar to those of coastal fish if we take Japan as a national consumption market (Osaka Central Wholesale Market, 2003; Tokyo Central Wholesale Market, 2003) . Because coastal fish in Japan are mainly consumed fresh, we can compare data between them. The exposure distribution estimated here, therefore, to some degree reflects the true exposure of people who live in the Tokyo and Osaka areas, where the majority of the Japanese population lives. For people who live in prefectures with high levels of fish production (and who therefore presumably consume more local fish), such as Prefecture H1, exposure levels may be different; exposure assessments of such local scenarios would need to be carried out by methods other than that used here.
In future studies, with the clarification of nationwide seafood circulation in Japan via further data collection and analysis, we will be able to estimate dietary exposure to dioxins in fish for people in specific local regions and not just only on a national level. Furthermore, we will be able to develop a systematic methodology for estimating the geographic variability of human exposure to dioxins by effectively using geo-referenced modeling and monitoring data on dioxin levels in the environment and aquatic biota. Dietary exposure to dioxins in fish in Japan Cao et al.
